The objective of this study was to investigate the mechanisms and extent of bauxite residue (red mud) neutralization at the residue surface in field impoundments as a result of long-term reaction with atmospheric CO 2 and addition of amendments to promote vegetation. The results showed that carbonation from atmospheric carbon dioxide reduces the pH of red mud from 12.5 to about pH 9.3 at the surface of storage cells, with the depth of neutralization dependent on the age of the stored residue (up to 1.2 m in 35 years). The presence of vegetation further lowered residue pH to about pH 8.5, with the depth of neutralization dependent on depth of root penetration. Sewage and yard waste amendments accelerated neutralization and the establishment of vegetation, and further lowered the residue pH to about pH 6.7, likely due to organic acid leaching.
Introduction
The production of alumina by the Bayer process creates a slurry residue (red mud) having a pH in excess of 12.5. Approximately 3 million tons of red mud are produced in the U.S. each year and 30 million tons/yr globally (on a dry weight basis), and disposed in land-based impoundment reservoirs (Ayres et al. 2001) . Stored bauxite residue represents an on-going and costly environmental liability for aluminium manufacturers.
Safe storage of these materials requires engineered impoundments with leachate collection and treatment to prevent contamination of soil and groundwater. The storage impoundments typically occupy hundreds of acres of land at processing sites (Ayres et al. 2001 ). Usually there is no vegetation on the beds due to the high alkalinity (pH > 12) of the tailings. As dry bauxite residue is extremely friable, it can yield a significant amount of dust. Dust (predominantly Na 2 CO 3 ) formed on the dry residue surface can pose a health risk to wildlife or humans when it is carried away from the site in air flows (Prasad et al., 1996) .
To minimize dust mobilization, leachate generation, and surface erosion of stored bauxite residue, and to initiate land reclamation, it is desirable to vegetate the surface of the stored residue (Fuller et al., 1982) . This can only be done if the surface material is neutralized (porewater pH is decreased) sufficiently, and if other properties of the residue can be rendered sufficiently soil-like that vegetation can be established (Woodard et al., A c c e p t e d M a n u s c r i p t
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4 Various laboratory studies (Khaitan et al., 2009a , 2009b , 2009c , Xenidis et al., 2005 , Enick et al., 2001 The accumulated tailings are fairly homogeneous, both chemically and physically (Alcoa, 2002) . The impoundments cover an area of 457 acres at the Sherwin storage facility (Alcoa, 2002) .
According to prior observations at the impoundments, plants can grow on unamended red mud, though high alkali content poses a challenge to establish flora and fauna on bauxite residue. Vegetation has been established on un-amended red mud, even without seeding; bermuda grass and bitter weed could effectively re-vegetate the drying beds at the Alcoa Point Comfort, TX site (Alcoa, undated).
Amendments with labile degradable organic carbon such as hay, sewage sludge, and yard waste can help increase the survivability and growth of alkaline tolerant grasses (Alcoa, 2002; Alcoa, undated; Texas A&I, 1993; Reynolds, 1999; MFG, 2003) , it was observed that vegetation survived near the edges of the cells but growth dwindled if the plants were located near the center of the cell. It was also observed that drainage was better at the edges than in the center, suggesting that drainage affected plant viability and growth on the bauxite residue as has been observed at other red mud storage sites (Woodard et al., 2008) .
It was concluded from Alcoa's studies (Alcoa, 2002; Alcoa, undated; Texas A&I, 1993; MFG, 2003; Reynolds, 1999 ) that bauxite residue had higher rates of vegetation after addition of organic amendments such as sewage sludge and yard waste. Selected species of grass, such as sacaton, Rhodes grass and Bermuda grass, showed substantial growth, but the causative factors were not studied. Further, the field investigations of bauxite residue vegetation conducted by Alcoa did not provide information on the change in stored bauxite residue properties so the causative factors supporting or suppressing vegetation are not known. The role of atmospheric carbon dioxide on red mud neutralization was investigated in the laboratory (Khaitan et al., 2009c), however, there are several open questions regarding the neutralization afforded by atmospheric carbon dioxide, various organic amendments and the vegetation itself, and the role of moisture content and soil and grain size distribution on plant survivability in field impoundments.
To examine the factors that promote or suppress vegetation of bauxite residue, additional field measurements were collected on amended and unamended residues, on vegetated and non-vegetated residues, and on aged (35 years) and younger (14 years) bauxite residue storage impoundments at the Alcoa Sherwin and Copano, TX facilities.
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The research objectives were to determine 1) the extent of carbon dioxide neutralization of red mud in the field; 2) the effect of vegetation on neutralization of stored red mud in the field; 3) the effect of organic amendment on neutralization of stored red mud in the field, and 4) the effect of moisture content of the residue on its ability to vegetate.
Methods

Field Sampling
Field core samples were obtained from un-amended and amended red mud cells at the Alcoa Sherwin and Copano bauxite residue storage facilities. The size, age, and type of amendment applied to each cell are given in Table 1 . A schematic of a typical bauxite residue cell at the Sherwin storage facility is shown in Figure 1 . Due to topography, the center of the cell is periodically saturated with highly alkaline porewater to the point of ponding and thus cannot support vegetation, while the edges that are well drained are more neutralized than the center show higher growth of vegetation.
A sampling plan (Table 2 ) was devised to examine the effects of carbon dioxide, vegetation and organic amendment addition on the near surface (0.9 to 1.2 m) properties of bauxite residue, and the effect of water content on the ability to vegetate the surface. and caps were applied at both ends of the tubes after collecting the cores to exclude contact with air.
Core Analysis
The collected cores were sectioned at 15 cm intervals with a hacksaw. A subsample was retrieved from each core section and was analyzed for pH, total inorganic carbon (TIC) and total organic carbon (TOC), water content and root density. pH was measured with a combined pH electrode in red mud slurry (solids plus porewater) of the material following the soil pH method specified in Methods of Soil Analysis (Page et al. 1982 ). The red mud TIC was measured using a solids total carbon ( For the TOC measurement, 100-400 mg of the core section subsample was transferred to a quartz cup for analysis. 200 L of phosphoric acid (1g/L) was added to each cup and the sample was then purged with He gas at 270 0 C to remove the inorganic carbon. TOC was then determined by heating the sample to 900 0 C. TIC was calculated by difference (TIC=TC-TOC).
Root density was measured on core section samples in terms of root mass per unit mass of soil (g/g), and in terms of specific root length (SRL; m/g) (Jones, 1998) . SRL is the ratio of the root length to the total root mass and therefore integrates root length and thickness (Atkinson 2000). Though root mass/soil mass is not a standard plant literature unit for root density, it proved to be useful measure in this study to compare the growth of root mass at various sections of a cell. The following procedure was used to determine root mass per unit mass of soil (g/g) and SRL. A sample containing both soil and roots was washed with water to separate the soil and roots. The soil was then dried at 105 o C for 24 hours. The soil and roots were weighed to obtain the mass of roots per unit mass of soil. The washed roots were separated by hand and spread on a white absorbent paper.
The root length and diameter were measured by taking an image of the roots using a flat bed scanner, and obtaining the root length with use of Win-Rhizotron image analysis software (Regent Instruments Inc., Canada). (Table 2 ) from Copano were dried and crushed to powder using a mortarpestle. A Rigaku instrument (Geigerflex Theta-Theta, Texas, US) was used to perform the XRD analyses. The solid phases were determined with XRD using a scan from 10 to 60 degrees 2 , a step size of 0.05 deg and a 6 sec dwell time. Peak identification was done using Philips X'pert graphics and identifier software (Version 1.2b, Netherlands).
Solid Phase Mineral Analysis
Moisture Content Measurement
Bauxite residue water content was determined gravimetrically (Brady and Well 2002) . A sample of moist residue was weighed and then dried in an oven at a temperature of 105 o C for about 24 hours, and weighed again. This process was repeated until the soil reached a constant weight. The weight loss represented the soil moisture.
Particle Size Distribution
The standard test method (ASTM D 422-63) was used to determine the grain size distribution of bauxite residue. Standard sieves (#10, #40, #60, #100, #140, #200, and #400) were used to classify the residue among common soil particle size ranges including gravel, sand, silt and clay. A measured dry mass of 50-100 grams of residue from sample locations of A1-Bottom, A4-Top and Bottom, and B1-Top and Bottom (Table 2 ) was added to the top sieve. The whole assembly was placed on a shaker for 10 minutes. The residue retained on each sieve was transferred to an aluminum foil dish and weighed using a balance. 3b, respectively. Note that total carbon equaled total inorganic carbon in these unvegetated cells, i.e. organic carbon was below detection. The (older) Sherwin cell had a lower pH than for the (younger) Copano cell at all depths. The surface neutralization was also higher for the Sherwin cell (pH=9.5) than for the Copano cell (pH=10.5). Since no amendments were applied to either site, and no vegetation was present, the resulting neutralization and increase in inorganic carbon is attributable to slow carbonation from atmospheric CO 2 . The pH varies with depth in the Copano (younger) pond indicating that neutralization by atmospheric CO 2 is probably limited by the availability of carbon dioxide to the residue. The inorganic carbon content was higher in the older Sherwin residue and at a greater depth as compared to that in the younger Copano residue. The differences in the extent and depth of neutralization between older and younger cells imply that carbonation of bauxite residue by exposure to atmospheric CO 2 is a slow process. It should be noted that the water content, i.e. degree of saturation, could affect the rate of CO 2 flux into the residue. The moisture content was similar in each cell at the time of measurement as discussed later.
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11 X-ray diffraction analysis was performed on select samples (B4-Bottom and B1-Top; Table 2 ) from the Copano cell. In a study conducted by Khaitan et al. (2009b) , it was found that carbon dioxide neutralization decreases the tri-calcium aluminate content in the residue and increases the calcite content. The key controlling reactions for long term carbonation of bauxite residue in the field include dissolution of C3A (eqn 1),
and precipitation of calcite (eqn 2).
The XRD results in Figure 4 show an increase in the height of calcite peaks and decrease in tri-calcium aluminate (C3A) for the surface residue compared to the deeper residue at Copano. Also, the surface residue had a lower pH of 10.4 compared to the deeper residue which had a higher pH of 12.1. Thus, the data indicate that carbon dioxide neutralization occurs more slowly for the deeper residue than for the surface, likely limited by the rate of transport of CO 2 to depth, and possibly also by the rate of C3A dissolution in the residue (Khaitan et al., 2009b) .
Vegetation effect on neutralization of Red Mud cell in the field
The growth of vegetation and the associated increase of root mass on the surface of a bauxite residue cell appear to lower the pH and further neutralize the residue compared to the un-amended cases. As shown in Figures 5a and 5b , the pH of the vegetated residue was lower than the pH measured in un-amended cells (Figures 2a and   2b ). (Jones 1998 , Dennis et al. 1990 , Marschner 1995 . The release of organic acids from roots was studied extensively by Jones (1998) and was found to occur by multiple mechanisms in response to a number of well-defined environmental stresses (e.g. Al, P and Fe concentrations in the dissolved and precipitated phase). Particular responses were specific to the plant species under investigation.
Bermuda grass and bitter weed vegetation were observed to reduce the pH of the residue further below the pH of the carbonated residue in un-amended cells, and lower than the pH 10.5 expected for neutralization by atmospheric CO 2 alone (Dennis et al.
1990
; Khaitan et al., 2009c) . In the absence of sewage sludge application, root mass density in (g/g) was found to be proportional to the extent of neutralization, as shown in Table 1 ) where SRL measurements could not be obtained due to the very low root masses.
The total carbon contents measured for the core samples from the vegetated cells are shown in Figures 7a and 7b . A significantly higher total carbon content (mostly due to a higher organic carbon content) was observed at the surface and up to a depth of 15 to 25 cm in the amended, vegetated cells relative to the carbon content in the un-amended, unvegetated cells (Figures 3a and 3b ). This is due to the root mass produced by the bermuda grass and bitter weed plants. Higher carbon content was observed at the surface for bitter weed than for bermuda grass, due to higher root mass values of bitter weed. The carbon contents for the deeper core sections at 25 cm or more were similar to the values for the un-amended cells. Bermuda grass shows higher carbon content than that of bitter weed at a depth of 15 cm, due to deeper root penetration by bermuda grass.
Effect of amendment on neutralization of stored bauxite residue in the field
The surface residue amendments examined in this study -sewage sludge and yard waste -appeared to enhance residue neutralization. The neutralization occurred at the surface and deeper residue of the amended, non-vegetated sections, likely due to acid leaching from the sludge and yard waste. The amendments also enhanced vegetation which further neutralized the residue.
The amendment effect -probably acid leaching -was significantly greater than In Figures 8c and 8d , the total carbon content was higher for the core samples from the sewage sludge amended residue than for the yard waste amended residue, which correlates with the lower pH values for sludge amendment. The higher total carbon content in the sewage-sludge amended residue was due to the organic amendment itself rather than from the vegetation, considering the low root mass measured for the core samples in the sludge amended cell. The carbon content was highest in the top 6 inches as shown in Figures 8c and 8d , and decreased to lower values at depths greater than 6 inches, indicating that no deep mixing of amendment and residue occurred. The carbon contents at depths greater than 6 inches were comparable to those in un-amended cells (Figures 3a and 3b) , implying that the higher carbon content at the surface was in fact due to the amendment.
Variation in Moisture Content
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